Strength development in cement-fly ash admixed clay by อภิชาติ, สุดดีพงษ์
กก	

	 
   
 
 
    
                                                                    
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 !"#$%&'

ก(&ก%	ก)"**(ก(%+,- 
(ก.  
%	/..	 
"0ก(&ก  2552 
 
STRENGTH DEVELOPMENT IN CEMENT - FLY ASH 
ADMIXED CLAY 
 
 
 
 
 
Apichat  Suddeepong 
 
 
 
 
 
 
 
 
 
A Thesis Submitted in Partial Fulfillment of the Requirements for the 
 Degree of Master of Engineering in Civil Engineering 
Suranaree University of Technology 
Academic Year 2009 
กก	

	 
 
 	
	 


 !"#"ก% ก&
	
ก'((
)* 
 
)+กก 
 
      
(-%. /.0  
1") 
+กก 
 
      
 (%. /.#
3  '	#) 
กก (0! ก&) 
 
      
(-%. /.3  4ก	ก0
5) 
กก 
 
 
 
 
 
 
 
 
 
 
    
(%. /.4'ก0  	607") (%. .. /.0  #7%) 
"ก/894ก  )/7
ก4%ก% 
 
 
 
 
ก 
 
 
  	
 : กก (STRENGTH 
DEVELOPMENT IN CEMENT - FLY ASH ADMIXED CLAY)  
56789ก : :	5 . 	
	< =>?	
, 85 =.  
 
 C5D:9ก6EF=GHCCFกก
=CFI	8?GH GHE>JกกกCKL	
5
L5กI6	> Scanning Electron Microscope (SEM) GH Thermal Gravimetry Analysis 
(TGA)  5กก:9ก>CF678]LC^D  8]8? GH
>FLF=97  ก
LF79D8]5กH678]6Fก> 25 
8` D=ก8?  ?8F SEM GHI6	> TGA G	a==`CFก
9D?Fก>8]LC^DGH8]8?  97LC>L
KGH
I]b^78H	 > ?8F SEM G	a==`CF8cก8Kกa
ก9Dก 5H=`d5กIC67L>dF?กกกFK8cก
8Kก  aFC8]กCF 25 8`  6=678eC	
กH5C 
976a=
L=CGH8?กH5CGH	I	Ddก9D 6a=ก8cก   
df7d9D K67dFIFกก กa	FaI	
598>	^8eก78]8? 5กGCLกFC I?C5d	
CG8a=F97กCF g8]8?6>6Fh GHaFCก> Clay-water/cement ratio 
hypothesis aกCLH=กก I?C5>CFก
=CaFC8]LC^D 1 9 2 6F	=C G8I
	FCDaF8?FC 97	Lก>I6	> TGA 67>CF67
8]LC^DCก  67	FC8]DaF8]8?
6Fก GCF5H8]8?GH8]Fก 5HLF8]I]b^7
8H	6Fก 6DF=GHCC8H	6E6>6Fก> 0.75 6F
8? 	=>6
ก	FCI	H=CF8]LC^D 8]8? GH8]    
6	
 I?C5d		ก8H]ก67
>FGH
	FCI	F n (8]LC^D 8]8? GH8]) K:
I6	>67
>F 28 C   
 
 
	CC:CกKE    ^^7ก:9ก  
8oก:9ก 2552                                            ^^756789ก    
 
APICHAT  SUDDEEPONG : STRENGTH DEVELOPMENT IN CEMENT-
FLY ASH ADMIXED CLAY.  THESIS ADVISOR : ASSOC. PROF. 
SUKSUN  HORPIBULSUK, Ph.D., 85 PP. 
 
FLY ASH/CLAY/CEMENT/STRENGTH/MICROSTRUCTURE  
 
This present research investigates an influence of two fly ashes (lignite fly ash 
and biomass ash) on strength development in blended cement admixed soft clay. The 
strength development is explained based on the microstructural observation via a 
scanning electron microscope (SEM) and thermal gravimetry analysis (TGA). It is 
found from the strength test results that for a particular water content, cement content 
and curing time, the strength increases with fly ash content up to 25% dry weight of 
cement. SEM photos and TGA results show that the strength of the blended cement 
admixed clay is controlled by water content and cement content, reflecting the pore 
volume and the cementitious products, respectively. SEM photos show that the 
reactivity of fly ash (pozzolanic reaction) is minimal as shown that fly ash particles 
are still smooth without the etchings on fly ash surface (indicating the precipitation in 
the pozzolanic reaction). For fly content less than 25% dry weight of cement, the role 
of fly ash is to disperse the large clay-cement clusters into smaller clusters, increasing 
the reactive surface and hence strength. The strength development is regardless of the 
type of fly ash. The input of fly ash in clay-cement mixture is thus regarded akin to 
the effect of an increase in cement content. As such, a novel parameter is introduced 
and designated as equivalent cement content. It is incorporated with the clay-
water/cement ratio hypothesis for analyzing the strength development in the blended 
cement admixed clay. From the analysis, it is found that for clay-water contents in the 
  
range of 1 to 2 times liquidity index, the strength development is dependent only upon 
the clay-water/cement ratio. This finding is in agreement with the TGA results that at 
a particular curing time, for the same clay-water content, the blended cement admixed 
clay samples, having the same clay-water/cement ratio but with different cement 
content and fly ash content, possess practically the same cementitious products. For 
all curing times tested, fly ash content is equivalent to 0.75 times cement content for 
all combinations of clay-water content and cement content. The interrelationship 
among clay-water/cement ratio, curing time and strength are finally proposed and 
verified.  
 
 
 
    
 
 
 
 
 
 
 
 
,vcs 
School of Civil Engineering       Student’s Signature                              
Academic Year 2009 Advisor’s Signature    
กกก	 
 
	
  ก "#$## %"ก&##
'( )ก$*+#,-ก. %" /+0  %"*+ก* ) */ก%"
ก  
 /1'
 .
  ' ,"	ก&ก )ก$*+ก%" %"
'0 +	
&$
 
  1'
 .'3  +  ก&ก%" 
),-ก.	
 )
*+#&/+0 /ก %" %"'0 +&$
 
 /1'
 . 	3  /กก4
 ก&ก )ก$*+ก%" %"
'0 +	
&$
 
 #$
/1ก&5	 &+#55 ก)*+#,-ก. 
   #$#ก,"1
#0) &0 1'
%"#55ก)*+#&
/+0 *ก*/ ,ก$
%"#0) &0 *ก 
   #$ 0)  ( ) (   ( ก#)*+#&/+0 *# 
  ก "#$  & )*+ก & &ก1-ก.,6 
%"*+ก*,6 & &ก1-ก. 
 
 7/'  .
 
 
 
	
 
 
	 () ........................................................................................................................ก 
	 (	ก) ................................................................................................................... 
กกก ............................................................................................................................  
.............................................................................................................................................. 
 ...................................................................................................................................  
  ........................................................................................................................................! 
"	#$ก%&'$"	 .......................................................................................................... ( 
  
 1  	................................................................................................................................... 1 
  1.1  *+,-"ก.'$."	*+ ......................................................... 1 
1.2   .01& ............................................................................................................. 2 
1.3  	3	4. ................................................................................................. 2 
1.4  674&,-.8 ....................................................................................... 3 
 2  	ก	ก
 .............................................................................. 4 
2.1   ..394	4,34& ............................................................................ 4 
2.2  68	43+4,............................................................................................ 5 
2.3    4,34&	&'$4& .............................................................................................. 7 
  2.3.1 ก	<4 4,34& .......................................................................... 7   
  2.3.2 3	 4,34&	&'$4& ............................................................ 8 
  2.3.3 >ก3?-	@,34&ก4'$4A"......................................................... 8 
2.4 308$	 .................................................................................................................... 10 
  2.4.1  1%C?A4D4'$3,	308$	 ................................................ 10 
  2.4.2  1%C?A4D4กC	308$	 ................................................ 12 
  2.4.3  34ก'4308$	<44	4ก,............................................... 15 
  2.4.4  	4ก,@308$	'3 .................................................................... 16 
 F 
 ( !) 
 
	
 
 
2.5 *",-,	#C$	ก"$		4,34& .................................................. 18 
 2.5.1  %,34&'$74	,34& .......................................................... 18 
  2.5.2  1%	4....................................................................................... 22 
  2.5.3  %43+4,.'$74	'43+4,.............................................. 23 
  2.5.4  1%3,	4........................................................................... 25 
  2.5.5 ก@ ..................................................................................................... 26 
  2.5.6  ก ....................................................................................................... 29 
  2.5.7  @. .............................................................................................. 31 
2.6  3?-	?	.3+&681$ ....................................................................... 32 
  2.6.1  ก0C8.3?-	 Scanning Electron Microscope............................. 32 
  2.6.2  ก.3+& Thermal Gravimetry Analysis, TGA ................................... 33 
  2.6.3  %'$3,_	ก&ก>ก	6$4ก......................... 34 
2.7  @$ก`ก681$ ................................................................................ 34 
2.8  	C4#37?-	4	1%..ก	4...................... 35 
 3  $%		ก .............................................................................................................. 40 
3.1  4" ...................................................................................................................... 40 
3.2  ก3กa'$ก3,4.	 ........................................................................... 42 
  3.2.1  ก3,.	4................................................................................. 42 
  3.2.2  1%3?A	84	4.	 (Basic Property).................................. 42 
3.3   4,34& ............................................................................................................... 42 
3.4  308$	04+4'$3087,..$ ...................................................................... 42 
3.5 ก3,.	4,34&308$	....................................................................... 43 
3.6 ก	ก"$	'ก43,.................................................................................. 44 
 3.6.1  4".	4,34&308		กกde$&C$ก ........................................ 44 
 3.6.2  4".	4,34&308383?-		ก"$	'ก43,..................... 44 
3.7 ก	ก	.4A"	4,34&............................................................ 44 
 3.7.1  ก3,.	4,34&308$	 ......................................................... 44 
 7 
 ( !) 
 
	
 
 
 3.7.2  ก	ก	.4A" .....................................................................44 
3.8 .	.0 ก8		'"$	 ..................................................................44 
3.9 ก	681$ .................................................................................45 
 3.9.1  ก	 Thermal gravimetry Analysis................................................45 
 3.9.2  ก0C8.3?-	 Scanning Electron Microscope.............................45 
 4   '(ก)ก*+(,ก-,'( ......................................................................................46 
4.1   4" ......................................................................................................................46 
4.2   1%	4 308$	04+4 '$3087,..$,-`ก ......................................46 
4.3  ก"$	'ก43,.	4,34&308$	 ...............................................................48 
4.4 .C4#&+.ก"$	'ก43,.'$	1 ...............................................56 
4.5 ก"4ก"$	<4C4&	.'.1..................................................59 
4.6 ก.3+&84681$.........................................................................61 
4.7 ก.	ก"4ก"$...........................................................................64 
 5  / ..............................................................................................................................73 
 5.1  1@$4. .......................................................................................................73 
5.1.1  308$	,1%394.1ก. .....................................................73 
  5.1.2  '"$	ก"$	'ก43,.	4,34& 
          308$	04+4'$3087,..$...................................................................73 
5.2   8	'44"<4ก<78ก'$4.	 ........................................................74 
ก	8	 ..................................................................................................................................75 
@4.ก 
@4.ก ก. 7?-	..7ก,-8ก,CC&3@'C.............................................80 
.@ 83,4 ..................................................................................................................................85 
 
 
 
 
  
 
 

                                                                                                                          
 
1.1  	
ก 
....................................................... 3 
2.1  ก !"# $ %&	
ก'!#	#" ............................................. 7 
2.2  )		
ก*ก%	'+'!#	#" ............................................................ 8 
2.3  ก-""##	. ASTM C-618 ............................................................ 11 
2.4   	
ก
	
7 8.9. 2533 ; 2541 .............................. 12 
2.5  ก-"ก<8#	. ASTM C-618................................................................... 13 
2.6    =-8
 
" 
">%?<'!#	#"  
        
 -<
 =**"- ............................................................................. 15 
2.7 ก-**""'ก	*@)!#%? 1  3  7  14 
 28 * ....................................... 22 
2.8 	A%A%+)-	*9;กBC	)	" ............................................................................. 32 
3.1 ก	")
=-#*............................................................................................ 41 
4.1 8	#	 A  B 
 k "!#
 
 %?#$ ...................................................................................................... 52 
4.2 Ca(OH)2 "!#%*#	)	IJ-+"#	I'!# 
 ก* 12 ? 28 * ....................................................................................................... 63 
4.3 Ca(OH)2 "!#%*#	)	IJ-+"# 
 	I'!#ก* 4 
 12 ? 28 * ............................................................... 64 
4.4 	ก-**"ก""!# =ก=- 
 
=กก	*" ...................................................................................................................... 65 
4.5 	ก-**"ก""!# 
=ก=-
=กก	*".............................................................................................. 69 
 
 
 
 
 
  
 
 
 

                                                                                                                               
 
2.1 กก	
 ..........................................................................................5 
2.2  ก
 !	"#$	% ..............................................................6 
2.3  ()% ........................................................................................................6 
2.4 Scanning Electron Microsope (SEM) <= ( 3,000 @).........................................14 
2.5  @! ="#
ก$ABCD=	EFกG= SandyLoam.......................18 
2.6  @! ="#
ก$ABCD=	EFกG= Silty Clay..........................19 
2.7  )% !C	$ABCกFกG=P%BC ..................................19 
2.8  $F@FกG= Sandy Loam (Soil 2a-6) D=	 Silty Clay Loam (Soil 4d) 
 P%BC$	R@ 1 D=	$	R@ 3 "#P%%
D=@%F@@ ................................20 
2.9  F$S% !CP%BC ....................................................................21 
2.10  กTกG=Dก% @!CกF$ABC...............................................................21 
2.11  @! =%E@#)F	DกFC 4 กG=BC ..................................23 
2.12  @! =$A) Modulus of Elasticity BC .........................24 
2.13  @! =DกG=BC  
 $ABC 8 $CBC .................................................................................................24 
2.14  @! =DกG=BC 
 $ABC 12 $CBC ...............................................................................................25 
2.15  )% !C	กG=กF) pH P%BC 
 % 1 : 10 ...............................................................................................................26 
2.16  P=		=@#P%กG=BC...........................................................27 
2.17  ก%Y%กG=BC"#
กก		= 
 กFZ[ .................................................................................................................28 
2.18 @! =)DกG=@#		=F 28  ..................................29 
2.19 )% !C	กG=กFEARY@#FBC ..............................................30 
2.20 @! =EFกG=BC ......................................................................30 
 
  
 
 () 
 

                                                                                                                               
 
2.21 R <กG=BC<==	EF 60   
 %D@@# 30 $CBC ............................................................................................31 
2.22  ER)<=F (a) EF 28   (b) EF 90  ..................................................35 
2.23 )% !C	))F#FD=	))$	%@!P=.....................................36 
2.24  ก)[GกE@ P%BC $F@FกF 
 กE@  !	"#$	% ............................................................................37 
2.25  )% !C	( D=	%$	%@!]กBZP 
  !	"#$	% D=	BC ......................................................................38 
3.1 DPP[กG ..............................................................................................40 
3.2 )	CER)	FF=BC (Laser Particle Size Analyzer) ....................................43 
4.1 กก	
 $YBC <=< D=	<=............................ 47 
4.2 R < SEM @#กG= 3000 @....................................................................................47 
4.3 กG=DกBC<=<@#EF 28 .........................................48 
4.4 )% !C	กG=D=	$A<= 
 BC<=< ..............................................................................................49 
4.5 )% !C	กG=D=	$A<=BC<=.......................50 
4.6 )% !C	กG=D=	%$A[G 
 $A$YBC (<=<).....................................................................................53 
4.7 )% !C	กG=D=	%$A[G 
$A$YBC (<=) ............................................................................................53 
4.8  )% !C	))D=	))BC 
 <=<@#EF 28  ............................................................................................54 
4.9 กBC<=<...............................................................................55 
4.10  D%)% !C	กG=DกD=	EF .......................................................
 BC<=< ..............................................................................................57 
4.11 D%)% !C	กG=DกD=	EF 
BC<=.............................................................................................................58 
  
a 
 () 
 

                                                                                                                               
 
4.12 D%)% !C	กG=DกD=	EF 
 R%R	D$bD=	ก Normalization...............................................................59 
4.13 R < SEM @#กG= 3000 @ BC  
 %$A[G$A$YBC@กF 4 ...................................................62 
4.14 R < SEM @#กG= 3000 @ BC  
 %$A[G$A$YBC@กF 12 .................................................63 
4.15 R < SEM @#กG= 5000 @ BC<=<  
 @#EF 120  (wC = 89%  C = 30%  F = 25%) ...............................................................64 
4.16 )% !C	กG=
กก@GกFกG=@#
กก@%F 
BC<=......................................................................................................72 
 
  
	

ก 
 
A                        =     	
ก   
ACI                    =       American Concrete Institute 
ASTM   =    American Society for Testing Material 
À = Angstrom 
B          = 	
ก 
CAH                 =       Calcium aluminate hydrate 
Ca(OH)2   = Calcium hydroxide 
C                         =          Cement content 
CAH                 =           Calcium Aluminate Hydrate 
CFA = Classified fly ash 
CH = =>
?	


@ABกA 
CSH = Calcium silicate hydrate    
D  =  
e                    = BDA?E@D (Void ratio) 
E = @กD (Energy) 
F = Fly ash content 
H = HDI Ca(OH)2 JกHKกDLM=D	
BDA?กD		
NO 
k = B?HDHDA	PQ@=RS         
LI = 
AQ@?=>? (Liquidity Index) 
LL = 
JVก=>? (Liquid Limit) 
LOI = Loss on Ignition 
wc = HDIV (Moisture Content) 
OFA = Original fly ash 
OWC = HDIV=>A (Molding water content) 
PC = Portland cement 
PI = 
AQ@@ABก (Plastic Index) 
PL = 
JVก@ABก (Plastic Limit) 
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q
u   = กVก=
? (Unconfined compressive strength) 
SEM = Scanning Electron Microscope 
SL =  @ก>B? (Shrinkage Limit) 
T   = HDI Ca(OH)2 ^
=B_ 
TGA                 = Thermal Gravimetry Analysis 
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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"# 3 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
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(5)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 *%'(' 
$ !ก$	 % %&	' %&	$(	 (Sinsiri et al., 2006) 
SiO2 74.12% 45.63% 
Al2O3 0.57% 24.59% 
Fe2O3 0.88% 11.26% 
CaO 1.54% 12.15% 
MgO 5.91% 2.87% 
SO3 3.33% 1.57% 
Na2O 1.71% 0.07% 
K2O 0.50% 2.66% 
LOI 7.45% 1.23% 
Fก	5! #%'('*%'('  
ก	 36%  
5ก3( 24%  
3(
" 6%  
5!3(&#/

	 23%  
5ก.3( 11%  
 
1.4  8'!	9(	:9&  
(5)'#
&'G&F1%)"'3"
	-"
%! 
1.4.1  3"*ก 
[ก0

"*"#,%(/F&$# %'(' (5)
.
/
''	( 3"ก #('(5! #(,%(/F #(& &	( 
1.4.2  3"(ก1
)'30$
	10&ก0

"*"#,%(/F& 
 
 
  
 4 
 2 
	
ก	
ก 
 
2.1  
	 	! 
       	
ก  
	!	ก"กก

"#$ก%"$&'("	$) *	*%)
 '(+#)	#&ก
 
"$&&' "		,ก
 +#) 
	!	ก-./ก
0	
,&1)ก-.	$#$(
2"$)	 1)ก%0ก
 -	#,
	
/$ (,+#)
'(($ก (Plasticity index, PI) -$$ %+#)
 
"
1)-. #$
*ก
. 1)ก!กC,#$!	C (Tessel et al., 1979)  
 +&!	 !*I Bengt Broms 1)+)-O-	+Pก"$&
/) (Broms and Boman, 1975) .1))+)+&!RS+$2 .!. 1970 
(Okumura and Terashi, 1975; Terashi et al., 1979; Kawasaki et al., 1981; Suzuki, 1982) DJM 
Research Group (1984); Chida (1982); Miura et al. (1986) 1)	%O*-ก
&กI+)-OI+	!	กP( +2 .!. 1980 "$& 1982 #$
*กก
&กI+)-OI1
ก 
ก	*
"$&	!	ก#$1))hCi	ก
	&#I"$&	กก"   
 
."2 .!. 1930 k)$1)*กก0k#+/0$ก&"1llm
(-.ก+	 .!. 1930 k 1939 
ก	*
	#
Pก1)!กCก+)k)$+
ก Davis et al. (1937) *ก#	$
"$lI 1)((I0$	*
ก	ก
 ก+)
k)$+ก +2 .!. 1948 1)ก+)k)$+กก)-, Hungry Horse 
+2 .!. 1970 k 1979 1)ก	กhกI.%
%+#))+)k#,.($"$&0$
+#)k)$(-. "$&ก!กC(,)	-)+*+pก-k)$ก
 
I*ก-.+		$
.*kq** 
ก%k)$+ก1)
 	
"$&+)ก
"(#$ (,ก$)-ก"$&$+)*+กก%*
k)$
. 
ก	*
#$1)%ก!กCก%k)$$ก1I*ก%'"&0+
%#
 k  I 1 "$& ( 	$ (2530); 
 กกก%"# (2535); Rhee 
and Yong-Heun (1982) 
ก	*
#$.( 	ก%$

-I0k)$ -.            
k)$(-. (+	 0 k 15%) &&	$ก "$&	#""#)
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"	/)$$+-& Liquid limit Plasticity limit "$& Plasticity index "	/)
(-.k)$  
 
2.2  "# 	$  
        Nagaraj et al. (1990) 0$ก$- Griffith and Joshi (1989) "$&"
"  *%$/)-O$&/!
hCiก$ก) (Cluster theory) 
"+
 2.1 "$& 2.2 --	)	ก
 3 &
  , 
ก. 	&#	'#	+ก) (Cluster) -)ก	 20À  
 -.   	&#	ก)ก) -&#	 20 À k 200 À 
.   	-+#R'+ก$-ก) -+#Rก	 200 À 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2.1 กก&*-	+O (Nagaraj et al., 1990) 
 
 
 
 
 
 
silt 
silt 
silt 
 silt  
silt 
Sand 
Sand 
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 2.2 ก*

	-#	1)(
&,& (Nagaraj, 1990) 
 
Nagaraj et al. (1990); Horpibulsuk et al. (2003) 1)"  *%$/)-O
$&0I "
 2.3  2.3 (a) /)-!*ก(
&,
& (Cementation) ,0Iก
 (
&,&*&,"l -))	ก
 

"+ 2.3 (b) 
 
 
 
 
 
 
 
 
 
 2.3 /)-#	 (a) #	1)(
&,& (Nagaraj, 1990) 
 (b) #	(
&,& (Horpibulsuk et al., 2003) 
 
Particle domains 
Different levels of  
pore size 
2d 
2d 
2d 2d 
(a) (b) 
3 3 
2 2 
2 
1  2 3 
1 
2 
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2.3  &!'(   
       2.3.1 #ก)&! II"$I&ก )		0%
R,            
(1) Catcareous material 1)"ก# (Limestone) "$&( (Chalk) (2) Argillaceous 
material 1)"ก Silica +-#	 (Clay) "$& (Shale) (3) Iron oxide material 
1)"ก"#$Oก (Iron) #, !$"$ (Laterite) ,%ก0	

ก$	
.#	ก
+#)0 
II"$I1)*&&ก )	ก1I 2 ก$+#R, ก1I#$
ก1)"ก CaO  SiO2  
Al2O3 "$& Fe2O3 	ก
&)$& 90 -.%#
กI "$&ก1I1)"ก MgO  
NaO  TiO2 "$& P2O5 ก1I ~ I&ก -II"$I"+
 2.1 ก1I#$
ก*&	
	ก
+&#	กกO (Clinker) ก&ก 
%
R 4  
"+ 2.2 
 
 2.1 ก1I ~ I&ก -II"$I  
 (
	$ !CP , 2536) 
ก*!  (" +,$
ก 
ก1I#$
ก 
CaO 
SiO2 
Al2O3 
Fe2O3 
 
60-67 
17-25 
3-8 
0.5-0.6 
ก1I 
MgO 
Na2 + K2O 
TiO2 
P2O5 
 
0.1-5.5 
0.5-1.3 
0.1-0.4 
0.1-0.2 
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 2.2 &ก #$
ก	+II"$I (
	$ !CP , 2536) 
-.#ก #/ก -./ 
1
$ $ก 3CaO . SiO2 C3S 
1
$ $ก 2CaO . SiO2 C2S 
1
$ $ 3CaO . Al2O3 C3A 

$ $/lI1I 4CaO . Al2O3 . Fe2O3 C4AF 
 
 2.3.2  0&!'(        
             1) II"$I&' (Ordinary Portland Cement) 
I#&%#
 0$ก
	11)"ก II"$I) ( 
(R-	 
              2)  II"$I&'
"$ (Modified Portland Cement) #&
%#
 +)+ ก	)ก$ 
$l1)ก$ q** 
10$+       
&!1 
 3)  II"$I&'+#)ก%$

O	 (High Early Strength Portland 
Cement) I&'.+#)ก%$

+&&"ก (&	$&ก	I
 #&%#
 ก%ก)ก+)O	 #,k"  +	$

.1)"ก 
I"$II	
 ( (R" -)	&	
, 1	+)
I&'.+/)ก-+#R (&	)*กpก1

*&กก+	) *ก+#)/)กก"ก)	1) 
             4)  II"$I&'ก	)% (Low Heat Portland Cement) 1)
kก(

."ก+&!#
Pก I+#)	)% +&!11
ก+)I&'. q** 
.kก"/ก+)I"$I0ก
 k)$  
 5)  II"$I&'
$l1) (Sulphate Resistance Portland 
Cement) I&'.*&1"$ (C3A) % *%+#)ก(
ก%$

) %+#)
ก	)%ก	I"$II&'1)"ก I"$II)lm 
$$ 
2.3.3  1	ก		.2#&!ก
 	'(+,  
        ,I0ก
 "$&.%*&กpก%+#)ก%$
(-. 1)
ก!กC "$& 
ก1	)/
ก	*
#$ 
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        Davidson (1961) 1)ก$	1	)	 pกก-.,0Iก
 #	,. 
*&%กก$$- Plasticity -*&*กก"ก
	- -"$ 
(Ca2+) +&#	กpก1
 %+#)Oก&ก
ก) ,*ก"ก&
+ #,กก&ก
&#	0	-'I+ก$)ก
 
        Lambe et al. (1959) 1)!กCก
 )	I "$& 1	)	 I
	
&ก -.*ก0$ก- Tricalcium Silicate  Dicalcium Silicate  Tricalcium Aluminate 
"$& Tetracalcium Aluminate Ferrite ,I0-)ก
 "$&.%*&กpก1
 +
&#	กกpก *&1)&ก  Calcium Silicate Hydrate (CSH)  Calcium Aluminate  
Hydrate (CAH) "$& Hydrated Lime #, Calcium Hydroxide (Ca(OH)2) "ก
	ก CSH 
"$& CAH  
,&1)*กpก#$
ก-I ก*ก. Hydrated Lime 
1)*&"ก
	-"$-)1%pกก
  Silica "$& Alumina +"#	 
ก&ก  CSH "$& CAH -.ก pก1
&#	I"$&.%+	$ *&
%+#) pH +(-. ,	ก(-.- pH ,*กก"ก
	- Ca(OH)2 #, 
Hydrated Lime %+#) Silica "$& Alumina "&ก +#	กก"ก
	-)%
pกก
 -"$ 1)	
,&-.ก pก.*&)+)&&	$
ก	*& I %#
 pกก-.+I*&1
ก 2.1  2.2  "$& 2.3  
 
Cement + H2O CSH + CAH + Ca(OH)2                (2.1) 
  
Ca(OH)2 Ca
2+   + 2(OH)-                 (2.2) 
 
Ca2+ + 2(OH)-  + SiO2 (Soil Silica) CSH 
Ca2+ + 2(OH)-  + Al2O3 (Soil Alumina) CAH                         (2.3) 
 
        ก  (
  ก%  $
  
 -     I ก * ก ก      I 0   ก
  .%  "$) 	
กpก1
 "$&0$-pก*&1)&ก  CSH CAH "$& (Ca(OH)2) pก
*&%1 / Ca(OH)2 *&"ก
	ก Ca
2+ "$&%pกก
  SiO2  "$& Al2O3 
"+#	1)&ก  CSH "$& CAH กก &ก #$. 


	,&%+#)'-Oกก	
	ก
-+#R-."$&ก%$
-. 
pกก-.ก 2.1 "$& 2.2 ก	 Primary Reaction "$&ก 2.3 ก	 
Secondary Reaction  
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2.4  4( 
k)k# #,k)$ (Fly ash #, Pulverized fuel ash) 1)*กก0k#+
/ /1llmk#  %#,.%$ 	&ก #$
ก
R-$ก"$&
&$ ,+'("#)"$&SS 1 
,ก&&#	' ",

0
-)ก
 .%'+)#'ก*&k%pกก
  Ca(OH)2  "$&ก
+# 
,& (Cementitious) -.ก
 &'-k# #'+)+
ก0"$&		$ก0 

.'("$&	%-k)$*-.ก
 "#$0
k# 
#		*
#	ก%#k 
"$&-)ก%#+)P)
k-k)$, American Concrete Institute (ACI) "$& American Society for Testing and 
Material (ASTM) +.*&ก$	k 
(,.P"$&ก'(-k)$ 
ASTM C-618 "$& ASTM C-593 (,	 '("$&
$,กk)$+)+ก  
"*กก!กC- 
 *(
กCIก$ CPI *กC/
 "$& 	'I 	ก* (2542) 
( 	 
(,.P"$&ก'(-k)$$ก1I"&1)
. Class F "$& 
Class C 

.ก*%"ก&'-k)$/!
#$
กกI
ก$	*ก-)/)")1) 
&กก-ก"$&	
 &กก	ก-	!	ก/ 	!	ก
k"#&!1+(& k
'I **&%กP(,+)ก
         
k)$"$&กก"  ก%#
 &!1-. 
 2.4.1  5#
	6.+7'(4( 
 1)  	&ก -k)$    
 American Society for Testing and Material (1995) "&%+#)%ก	&#I
	&ก  /+) X-ray fluorescence k)$
	1&ก )	 I&ก 
ก1I-" ~ 1)"ก $กก1I (SiO2) &$ก1I (Al2O3) #$Oกก1I 
(Fe2O3) "$ก1I (CaO) "กก1I (MgO) 
$lI1ก1I (SO3)      
) 	&ก #$.*&ก
+"#$#,-k# 
- 	ก0 #'+)0 P ASTM C-618 "กk)$ Class F "$& Class C 
	&ก  
"+ 2.3  
 -)ก%#P ASTM C-618 +)0$	-ก1I
-$ก &$"$&#$Oก+ก*%"ก Class / Class F "$& Class C 0$	)$&-
ก1I
ก$	) 70 "$& 50 $%
  (,+#)
+*	kกpก(( 
ก*ก.
	
(
Iก
 
กกpก/$ก+&&	)	 %#
 )$&
 11 
-
$lI1ก1I (SO3) ก%#1+#)ก 5 (&
$lI 0$ก(

	k+ก
 ก%$

 &&	$ก
	1) "$&
0$ก"-O
	ก)	 
ก*ก.
	%+#)กกก
ก*ก
$l (Sulfate Attack) 
 
 2.3 -)ก%#)P ASTM C-618  
Class of Fly Ash 
ก 
F C 
0$	-$กก1I &$ก1I "$&#$Oก
ก1I  (SiO2 + Al2O3 "$& Fe2O3)  min% 
 
70.0 
 
50.0 

$lI1ก1I (SO3)  max% 5.0 5.0 
	,.  max% 3.0 3.0 
.%#
กR#,*กก0 (Loss on ignition (LOI))  max% 6.0 6.0 

$1$I+-/1ก1I (Na2O)  max% 1.5 1.5 
 
 	,.-k)$1	ก)$& 3 &
.*&ก
p 
 %#
  k)$ Class C *&kกpก1
 (Hydration) 1) 
ก*ก.
กก%#.%#
กR#,*กก0 (Loss on ignition (LOI)) 1	)1ก
)$& 6 *&
	 .kI +k)$ #ก LOI ก ก	 +) 
Air entrainment -ก*&%1)ก"$&
)ก.%( +ก/
	1"$)	    
k)$*ก/1llm*& LOI %ก	)$& 6 ก 
$1$I (Alkali) +-
/ก1I (Na2O Equivalent) ก1ก )$& 1.5 -)ก%#+ ASTM 
C-618 (&k)$ CaO *&/กกpก- Alkali-aggregate -.1) k)
)ก%k)$
$1$I กก	)$& 1.5 1+)ก
 	$	1	pก)
%ก +#)p 
ก	1กpก-
	*ก	#1)  
  2.4 I&ก -k)$$ก1I"& (.!. 2431 k 2541 
 
/
	1ก1I- SiO2 + Al2O3 "$& Fe2O3 กก	)$& 70  
CaO *&กก	)$& 10  LOI %ก ,)ก	)$& 1 ก*ก.-)
ก
,  Fe2O3 *&ก	"#$, 
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 2.4 I&ก -k)$"&&#	2 (.!. 2533 k 2541 
ก 
B 6.. 
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 
2533 37.8 20.5 14.2 17.4 3.3 0.9 2.1 3.9 0.8 
2534 42.8 23.3 14.0 10.5 2.4 0.8 2.3 3.9 0.7 
2535 40.3 24.0 15.0 11.2 2.8 1.0 2.6 3.1 0.5 
2536 43.1 20.0 13.2 13.0 2.7 1.3 2.4 2.6 0.6 
2537 52.8 18.0 8.5 13.3 1.4 0.9 2.0 2.8 0.3 
2538 40.6 22.8 12.8 14.4 2.5 0.7 2.0 2.8 0.9 
2539 40.6 23.6 13.0 13.0 2.5 1.2 3.0 2.4 0.7 
2540 41.5 28.1 12.3 10.0 1.2 0.6 3.3 2.0 0.8 
2541 37.3 22.1 14.4 11.4 2.7 1.1 2.7 2.5 0.1 
 
 2) 	&ก "	-k)$ (Mineralogical composition) 
 
 *(
กCIก$ CPI *กC/
 "$& 	'I 	ก* (2542) 
,k#kก0 "$&กO
	$-k)$ ก0*&%+#)I&ก "	- 
k)$)กก0$ก (Crystalline) "กก
 %#
 k)$$ก1I*&	 
Noncrystalline (glass) กก	)$& 90 
	kกpก1) "กO

I&ก - Crystalline *%(	ก Quartz Anhydrite Calcite Hematite Mullite ,ก
กpก ,	&#I)	, X-ray diffraction *&( 	k)$*กk$ก1I*&
I&ก - Crystalline )ก	k)$*กk# 
"$&"1I  
 2.4.2  5#
	6.+7ก064( 
  
ก'(/
	1-k)$ k#O1)*ก(hก-
กk)$	0 (Fly ash concrete) " 
-k)$*$"$1
,*กก& 	ก01#) ก0.%
	ก
 ก0k# ก	
 
&'(,	(&'(ก01#) "$&$กก
ก 

.ก  

 ~ -k)$(,%1+) !
-)ก%#ก'(P ASTM C-618 

 2.5 
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 2.5 -)ก%#ก'(P ASTM C-618 
Class of Fly Ash 
ก,$  ก06 
F C 
	$& : 	)&"ก I 325 #$
ก"  2ก  Max% 34 34 
#
ก%$
 : /0ก
 I"$II 
7 	
  Min% , ก
 
		  
28 	
  Min% , ก
 
		  
 
75 
75 
 
75 
75 
	)ก.% : Max% , ก
 
		  105 105 
	
	 : ก-
	#,#
	/	 Autoclave  Max% 0.8 0.8 
กก%#	% (Uniformity requirement) 
-	#"  Max *ก$% 
-	) &"ก I 325  Max *ก$% 
 
5 
5 
 
5 
5 
Multiple Factor (0$&#	 %LOI ก
  % -	,.)
&"ก I 325) 
Drying Shrinkage -"I) 28 	
 Max% "ก*ก
	
	  
255 
 
0.03 
- 
 
0.03 
 
 1) -k)$ 
 'k)$/
	1*&-)ก$#,ก, ก$  
.*
( $
กC&( .%#
ก $.%1)#,*1" -.ก
 #'
0k#"ก*กI$
กC&"#,#$ ,k'('-k)$
*กk#$ก1I %'"& *
#	
$% /+) Scanning Electron Microscope (SEM) *&
#Oก$ 
2.4 ,k)$"I+ก*&%+#),.ก"  
"$&%+#)ก$,1#$กก )!
 
#$. "k)
1"#,(*0$.%+)0$+#)ก%$

-	0%$1) 
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         2.4 Scanning Electron Microsope (SEM) k)$ (- 3000 ) 
 
 2) 	$& (Fineness) 
 -#,(,.0	*%(&-k)$*&  กk	k+ก%
pก/$ก *&+)ก 	$&-k)$ P ASTM C-430 
/ก%#-k)$) &"ก I 325 (- 45 $$) /	2ก 
(Wet Sieving) ,*กk)$'# *&(,.0	*%(&)%pก1))ก	
'$&ก	 
,	0&"ก"$)	*&%pก1)&'(ก	 
ก*ก.
*& ก--'*กก	
(,.0	*%(&/	- $ (Blaine specific 
surface-area technique) P ASTM C-204 #,	 Particle size analysis #,	 
Brunauer Emmett Teller (BET) #	ก
 ก I I 
(Turbidimeter test)  ASTM C-115 "$&ก+)1/I /ก 
.	.*+#)
	$&"กก
1)ก 
..-.ก
 ก	ก  /0$ก -.
ก
 	#" "$&	(-k)$"$&'ก "*กก k)
$*ก %'        "& ก ก--'/	
ก$	 
 2.6 
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 2.6 	k	*%(& 	$& "$&-$-'II"$I  
     "$&k)$ %'"& *
#	
$% 
-	 
/ 4/,6 #/
'ก 325 
#06)$ก
!N*  
 O( 
  (%) (cm2/g) (mm) 
I 3.14 4.7 3120 13.0 
k)$ 2.02 37.4 2370 28.5 
 
*&#O1)	k)$) &"กก	I%+#)(,.0	
*%(&)ก	 0$+#)k)$ 
#	,0	ก
 I 
 3) ก#
ก%$
 (Strength Activity Index) 
 
ก%$
*&
	)$&-ก%$

$ (Compressive Strength) 
-I)+)k)$"II"$I &' 1 )$& 20 /.%#
ก
P ASTM C-311  ก
 I)P10/$ /ก%#1	)	1	
%ก	)$& 75 -I)P  7 	
 "$& 28 	
  
    2.4.3  	ก '4()ก 
  ก0k)$+ก%
R0$ก(
ก%$

"$&
 
, ~ -ก0k)$ (Berry and Malhotra, 1980) 	
. 
1) +)"I 	 ก"I 	)	k)$
.
ก"/.%#
ก"$&ก"/ *กก$( 	ก"I
+
	 1 : 1 
. *&%+#)ก%$

-ก0k)$ +	,"ก%ก	
ก "ก%$

,#2*&ก	ก 
2) +)	$$&(+ก ก+)k)$	$$&(+
ก ,ก(,&+ก*&%+#)ก%$


."
,-.1(ก-.  
  3) +)
. " I"$&+) 	$	$&)	 ก"
I 	)	k)$"$&+)k)$	$	$&()	. #ก)ก+#)
ก0k)$ก%$

+	"กก
 ก k)$"$&I
+ก0k)$	ก
*&)กก	I+ก 
  
 16 
 2.4.4 ก2#4('/ 
  1)  ก%$

 
   
 
	& "$& (
 ก$ (2538) 1)%k)$*ก/1llm
"&%ก ก%$

 7  28  60  "$& 90 	
-I)0k)$"& /
+#)k)$"&"I  ก
 )$& 15  25  "$& 35 "$&+)
	0	

Iก
  1 : 2.75 /.%#
ก ก1#$-I)ก%#)$& 105 k 115 *ก
ก$( 	I)0k)$"&"ก*&
ก(-.-ก%$
%ก	
I) ก%$

+		*&กก	ก%$

-I) 
  	!	 *
ก1(!$ "$& 
/*I *
ก1(!$ (2540) 1)%ก!กC"$& 
 
-k)$"&0$ก%$

-กk& (High Performance 
concrete : กก%$

 ก(
ก%$
	O	 k+)1)&	ก"$&
'(ก	ก) /+)		 &#Iก	
	)'+)!Ik	 
(Thermalgravimetry Analysis, TGA) ก (,#"$          
1ก1Iก*กpก-ก0k)$"& "$&#"$       
$ก1 &ก 0$ก%$

 *ก
.%0$1)"	+ก#
-k)$"&#&,%"I+ก /
	 
*&กk&0)	k)$"I)	)$& 0 k 35      
/.%#
ก-I "$&+)
	.%'$&ก
  0.26 k 0.32 #,

	.%I&#	 0.30 k 0.50 0$1)*กก!กC"$& ( 	 ก
0k)$"&ก%$

-. ,*ก ("$$ก1) (-.      
/"$$ก1ก-.+I(I0k)$ *&กก	"$
$ก1ก-.+I(I)$& 5   28 	
 "$&)$& 10   
56 	
 "	pก/$กก(-.	$ ก*ก
.
( ก	 ก0
k)$*&ก%$

-.,  ก
 ก10k)$ /ก%$

-ก
0k)$*&(-."0
/ก
 "$$ก1ก-.*กpก
/$ก "$&*ก0$-ก!กC*&1)	k)$+)"I	&#	
)$& 15 k 25 -I 
 2)  	$& 
   (&ก* "$& 
 *(
กCIก$ (2538) 1)!กCk0$-	
$&-k)$"&0$ก0k)$ /k)$+)"I*&
	$&ก
 3 - "I+
	)$& 0  15  25  "$& 35 -.%#
ก
 17 
I"$&%ก กก
	 ก1#$ "$&ก%$

 1  3  7  14  28  60  "$& 90 	
 
*ก0$ก$( 	ก"k)$+I0$%+#)&&	$กก(-. "$&
ก1#$(ก-. ก*ก
.
( 	ก+)k)$	$&ก-.0$%+#)ก%$


-I)(
O	-. 
   ก
 	 
 *(
กCIก$ "$& ก'( 
!	
 (2535) 1)%      
k)$*ก/1llm"&"ก)	, Air Classifier "$&%k)$	$&
-'$ 2.8 1 "I+
	)$& 0  15  25 "$& 35 /
.%#
ก-I (,%กก%$
+ก!กC*&+)$.%(!C(,.%
	
& +#)ก
  0.26 "$& 
	+ก$)ก
กก	 5      
0$ก ก%$

( 	,"I)	k)$$&ก ~ +
	)$& 
15  25  "$& 35 /.%#
ก-I %+#)ก%$

/	ก	ก1+)k)$  
/+#)ก%$

กก	ก1+)k)$
." 17 	
-.1 ก%$

      
 )$& 113 k 115 -
	ก1+)k)$ 365 	
 
 3) ก)กก
ก 
  # 	ก* "$&& (2535) 1)$%k)$*ก&!
#
Pก"$&k)$"&0+II)+
	)$& 25 "$& 50 /
.%#
ก-I "$&ก%#+#)
	-.%,& 0.50 %ก
#$ก) $ก !กI "$&%1"+ก
$lก-)-) 100 $$$$ 	

.%#
ก#1+		$ 7 "$& 21 	
 "+ก ก$( 	-k)$10$
ก)กก
ก-กก
ก "$&กk)$0"I
)$& 50 /.%#
ก	)กก
ก,*กกกก	ก 
   ก
 	 "$& 
 *(
กCIก$ (2540) 1)%k)$*ก/1llm"
&"กก 4 -)	,"ก- (Air Classifier) "$)	%10"I
)$& 0  20  30  40 "$& 50 /.%#
ก+I) 	 +#)ก1#$"0&#	 101 k 115 
(, ก%$

"$&	k+ก)กก
ก*กก
$lก	
-)-))$& 3 /.%#
ก&&	$ 126 	
 0$ก ก)กก
ก( 	

	I)0k)$"II"$I)$& 50 /.%#
ก k
)กก
ก*กก
$lก1)ก	
	k)$0)$& 0  20  30 "$& 40 
,  ก
 k)$+-	ก
 ก*ก
.
( 	ก+)k)$
$lI       
1ก1I (SO3) )ก	*&kกก
ก,*กก
$lก1)ก	ก+) 
k)$
$lI1ก1Iก	 
 18 
2.5 V
#,
W	X	6(/ก,(

  	! 
       2.5.1  	!'(-	 ! Ruenkrairergsa (1982)  	 q**
#$
ก
0$'(-I , I ,I(-. ก%$

-
IกO*&(-. "$&
ก(ก%$

-I
-.ก
  
(,.P-
)	 /I	$O# กก	*&(ก	I	$O$&ก	 
 Felt (1955) 1)% Sandy Loam "$& Silty Clay 0ก
 I /"0

I
." 6 k 30 IOI / % ก%$

  5  
." 2 
	
 k 1 2 0$ก "+ 2.5 "$& 2.6 ( 	 ก%$

-I(-.
I+)0 "$&#	+ก	*&ก%$

%ก	
#	%ก	 $)ก
 ก$- Metcalf (1977) 	 I0$
/ก
 ก%$

-I/(&ก
 O#  /ก%$

-I*&"
0
I+) "
	ก(*&"กก
ก1 
- 0$
ก!กC"+ 2.7 ก*ก. Felt (1955) 
1)$#($-I&'# 
"$&I&'ก%$

- , Sandy Loam "$& Silty Clay Loam 0$
ก!กC"+ 2.8 "$&	 0I&'ก%$

ก	0
I&'# ,  I"$& 	ก
  
 
 
 
 2.5 ($,*กI"$& ก%$

- Sandy Loam (Felt, 1955) 
 
 
 19 
 
 
 
 2.6 ($,*กI"$& ก%$

- Silty Clay (Felt, 1955) 
 
0 2 4 6 8 10
0
2
4
6
8
10
Cement Content, C (%)
U
n
co
n
fin
ed
 
Co
m
pr
es
si
v
e 
St
re
n
gt
h,
 
q u
 
(M
Pa
)
Unif
orm
 
Sand
San
dy 
Gra
ve
l
Silty C
lay
Sandy Clay
 
 
 2.7 	
(
I&#	Iก
 ก%$

-0I (Metcalf, 1977) 
 
 
 
 
 20 
 
 
 2.8   ก%$

- Sandy Loam (Soil 2a-6) "$& Silty Clay Loam (Soil 4d) 
 0I&' 1 "$&&' 3 ,0O*"$)	 
 (Felt, 1955) 
 
 Horpibulsuk et al. (2003) 1)!กCก	ก
 ($-Iก%$


"ก	-#	.%+	$ "$&( 	%#
 I # 
ก%$

-
	"0
I+)0 
"+ 2.9 กl-ก%$


"ก	 k*%"กก1) 3 	 	"ก	I% ~   
ก	  Clay-cement interaction zone +	.ก%$

"ก	*&(-.I 
	ก%$

"ก	*&-) /.ก	 Transitional zone "$&k
*ก	.
1 Cement-clay interaction zone ก%$

"ก	*&-.ก ก*ก
.
( ก
	 ก%$

-I #*&-.ก
 
	&#	.%
I (Clay-water/cement ratio, w
c
/C) 
. 
 	
 กCก
 (2548) 1)!กCก	ก
 ($-Iก%$

   
"ก	-$ก
.%+	$% ( (hกก$"$-)กl
	
(
I&#	ก%$

"ก 	ก
 I$
กC&$)ก
 )กl-
Iก%$

"ก	-#	.%+	$!กC/ 
Horpibulsuk et al. (2003) k" ก1) 3 	 	ก
 
"+ 2.10
 21 
 
                                                  
 
 
 
 
 
 
 
 
 
 
 
 2.9 - -p
(
I-#	0I (Horpibulsuk et al., 2003) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 2.10 กlก%$

"ก	
(
Iก
 I (	
 กCก
, 2548) 
 
0 5 10 15 20 25 30 35
0
1000
2000
3000
4000
5000
Cement content, C (%)
q u
 
(k
Pa
)
E = 296.3 kJ/m 3
Moisture content = 8.5%
7 days of curing
So
il 
-
 
c
e
m
e
n
t
in
te
ra
c
tio
n
 
z
o
n
e
Tr
a
n
sit
io
n
a
l z
o
n
e
Ce
m
e
n
t -
 
so
il
in
te
ra
c
tio
n
 
z
o
n
e
Lateritic Soil, L2(SM)
LL = 22.5%, PL = NP
0 50 100 150 200 250
0
2500
5000
7500
10000
12500
15000
17500
Cement Content, C (%)
U
n
co
n
fin
ed
 
Co
m
pr
es
si
v
e 
St
re
n
gt
h,
 
q u
 
(k
Pa
)
In
ac
tiv
e
 
z
on
e
Cl
a
y-
c
e
m
e
n
t I
n
te
ra
c
tio
n
 
z
on
e
Tr
an
sit
io
n
al
 
z
on
e
Ce
m
e
n
t-
cl
a
y 
in
te
ra
c
tio
n
 
z
o
n
e
Ariake clay
Fukudomi Town
wc = 180%
7 days of curing
Lateritic Soil  L
2
 (SM) 
LL=22.5%  PL=NP 
 22 
 ($  R (2529) 1)!กCก%$

-$ก
0I 
)	
($
"  P "$&"  ก	P I 1  3  5 "$& 7 IOI /
.%#
ก"#) 0$ก!กC"+ 2.7 1)	 ก%$

-*&(-.
I"$&  /ก%$

*&
(-.	O	+	  7 	
"ก 
#$
*ก
.
ก(-ก%$

*&$$ 
 
 2.7 ก%$

-$ก
0I  1  3  7  14 "$& 28 	
  
 (($  R, 2529) 
ก,(

  	(&ก
2#!5/ 1 3 7 14 '( 28 

 ก
ก,(

  	*/2#! (%) 
6(
 
 
  
	! 
(%) 
1 
 3 
 7 
 14 
 28 
 
1 66 68 66 67 77 
3 240 333 544 603 725 
5 603 711 799 944 1252 
P 
7 653 755 836 1100 1252 
1 5 5 15 15 15 
3 7 100 112 145 220 
5 182 259 302 330 365 
ก	
P 
7 254 348 382 445 557 
        
 2.5.2 5#
	 	 "&ก +	$ #,-
0$pกก-.,0-)ก
 I"$&.% "$&0$ก%$

"$&	-
I 	&ก #$.1)"ก *%(	ก  &ก #	 "$&&ก 
I )  
       Winterkorn and Chandrasekharn (1951) 1)0$ก ก%$

-
$ก
0I	*&1)0$#,1-.ก
 	$O# "$&I
+ 
       Norling and Peckard (1958) 1)!กC($-	$# /+)IOI)
 &"ก I 4 ก%$

-I 3  , #  (Coarse Sand) $&
I (Fine Sand Loam) "$&I (Loamy Sand) /0)	
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Iก
 "(	$	) &"ก I 4 "กก
ก1 0$ก!กC
"+ 2.11 "$&( 	 Loamy Sand "$& Fine Sand Loam *&ก%$

(-.,
	$	) &"ก I 4 (-. 	+ก- Coarse Sand *&ก%$

$$ 
"ก!กC.
-)*%ก
 ก$	, ก!กCก%$


	0-.%
I	
. ก%$

-
. 3  *"ก*ก.k)ก
$"$
	.%I 
 
 
 
 2.11 ($-	
) &"ก I 4 ก%$

-I 
 (Norling and Peckard, 1958) 
       
2.5.3  	 	$'(-	 '/ 	$ Reinhold (1955) 1)%
0ก
 #	"$&I /$#	 0$"+ 2.12 ( 	 ,
#	(-./$
	,#*&$$ #		ก%$

กO*&$$ 
       Davidson et al. (1962) 1)!กCก%$

-#	 3  , Kaolinite Illite 
"$& Montmorillonite 0ก
 "$&I /(
	0-#	$& 25 
IOI ก$	, +)
	#	
. 100 : 0  75 : 25  50 : 50  25 : 75 "$&    
0 : 100 0$"+ 2.13 "$& 2.14 ( 	 ,#	กกก	 25 IOI 
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%#
 (	ก Cohesionless Soil *&%+#)ก%$

-I$$
* "$&
#	*%(	ก Montmorillonite 
+#)ก%$

"	/)ก	#	*%(	ก Kaolinite 
"$& Illite  
 
 
 
 2.12 ($-#	 Modulus of Elasticity -I 
 (Reinhold, 1955) 
 
 
 
 2.13 ($-"#	ก%$

-I I 8 IOI 
 (Davidson et al., 1962) 
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 2.14 ($-"#	ก%$

-I I 12 IOI 
 (Davidson et al., 1962) 
 
2.5.4  5#
	 	 Davidson (1961) 1)	 	&ก -
*&%+#)%pกก
 I"กก
 "$&*&-.ก
 &*$  (Cation) +
'- /(&I0*&%+#)pก$"$1  กก
"-O
	) 	
$l0*&กก 	
	"$&%+#)ก%$

$$ 
       Sherwood (1958) 1)!กC($-I /#	
(
I&#	
ก%$

ก
  pH -I1)*กก0"$&I+
	 1 : 10 
"+
 2.15 ( 	 k) pH %ก	 12.1 "	%+)0I0*%+#)   
I"-O
	) "$&0$%+#)ก%$

$$,+)Iก
 
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 2.15 	
(
I&#	ก%$

ก
  pH -0I+
	 1 : 10 
 (Sherwood, 1958) 
 
       2.5.5  ก2# 
             1)  &&	$+ก0 Felt (1955) 1)!กC($-ก#		$+ก
0ก
 ก%$

- 3  , ก$ A-2 Sandy Loam (LL = 26  PI = 11) ก$  
A-4 Silty Clay Loam (LL = 35  PI = 12) "$& ก$ A-6-7 Clay (LL = 47  PI = 26) 
	
(
I-0$ก &#	ก#		$0ก
 ก%$

 "+ 2.16 ( 	 

.ก%$

$$,ก#		$+ก0"  .1	)-. "$&ก#	
	$+ก0"  #
.	+)	$-.0$)ก	ก#0$  
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 2.16 0$-&&	$+)0ก%$

-I (Felt, 1955) 
 
  Ingles and Metcalf (1972) 1)!กC	
(
I&#	ก%$

ก
 	$+)
0I /+) 2  , #	"-Oก$ (Medium Clay) "$&ก	  
(Sandy Gravel) 0$"+ 2.17 ( 	 k)&&	$+ก0 1 k 2 
	/      
ก%$

-#	"-Oก$ "$&ก	 *&$$กก	 50 IOI "k)+)
	$+ก0ก	 2 
	/ -.1 IOIก$$-ก%$

+ก	*&
กก	#	"-Oก$$Oก) 
 2)  .%+	$ Felt (1955); Davidson et al. (1962) %ก$1)0$
ก
	.%"$&	#"($กก%$

-I %#
 
	 
+#))"#)-.%#&$Oก)*&%+#)1)ก%$

 	
#	) 
+#))2ก-.%#&$Oก)*&%+#)1)ก%$

 
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 2.17 กRก%$

-I,*กก+)&&	$ก 
-. 
 (Ingles and Metcalf, 1972) 
  
             Davidson (1961) 1)!กC	
(
I&#	.%#&ก
 	
#""#)-I+#)p 
ก ก
  6  1)"ก ก$ A-2 (Sandy 
Loams) A-3 (Sands) A-4 (Silts and Loams) A-5 (Silts) A-6 (Medium Clays) "$& A-7 (Heavy 
Clays) ( 	 ,(&&	$+ก0+#)-.#,%ก 
)*&0$%+#)
.%#&(-.-&	ก
	#""#)*&$$"$&%+#)ก%$

$$)	 
             3)  	#"  Felt (1955) 1)% 4  , ก$ A-2 Sandy Loam  
(LL = 26PI = 11) A-4 Silty Clay Loam (LL = 35  PI = 12) A-6-7 Clay (LL = 47  PI = 26) "$&A-7 
(LL = 118  PI = 83)   (,&0$ก%$

*ก	#" /+)ก 
"  
PP ASSHTO ก%#)	#"(,.P 0$ก "+
 2.18 ( 	ก
	ก0,	#"-I(-. ก%$

*&(-.)	  
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 2.18 ($-	#"ก%$

-&&	$  28 	
 (Felt, 1955) 
 
    2.5.6  ก/ Clare and Pollard (1954) 1)%ก!กCก	ก
 ($-#'0$
ก%$

-I ( 	 ก)I+&#	ก!  *&+#)ก%$


ก	ก)$
กC&$)ก
+&#	ก!#	Oก	 50 k 100 IOI ,
  ก%$

  3 ,"ก '#$
กก) 
       Ng (1966) 1)!กCก	ก
 0$-#'(-.$ก
 3  0
I ( 	 ,#'-ก (-.*ก 21  38 !$ ก%$

*&(-. 20 
IOI $)ก
 ก$- Clare and Pollard (1954) ( 	 ก%$

-        
I"0
#'+)  /+#)#0$	 #'-.*&
	pก
&#	Iก
 .%+	$ 0$"
+ 2.19 
   Leadabrand (1956) 1)!กCก%$

- 2  , #	 (Clayey 
Sand) "$&&ก (Silt) 0ก
 I+ 10 IOI -.%#
ก"#)  

." 2 	
 k 5 2 ( 	ก%$

*&(-., $)ก
 ก 0$"

 2.20 
       Maner (1952) %ก!กCก	ก
 	
+ก  /%	
 ~ 1)"ก 
Waterproof Paper RC-2 Asphalt Tar "$& Asphalt Emulsion  I+)
.(,.
( 	 	
	0-.%
 (Bituminous Materials) 
. 3  "$& Waterproof 
Paper  
#&%#
 %+) I 
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 2.19 	
(
I&#	ก%$

ก
 #'+) I (Clare and Pollard, 1954) 
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 2.20 ($- ก%$

-I (Leadabrand, 1956) 
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2.5.7 #2#/ Ruenkrairergsa (1982) 1)	*%	-	($Oก)(
-)10+
'(($กก*&0ก
 I*&	$
'(
($ก-$1)ก "$&%+#)0ก
 I1)-. ก*ก.
( ก	       
-	(-)1*&	$($-I*&0$pกI1
         
1)ก)	 
 Lambe et al. (1959) 1)$%&ก *%(	ก/ "$&k)$       (Fly 
Ash) 0	ก
 "$&I ( 	 ก+)&ก *%(	ก/*&	+#)I
ก%$

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	(-. 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(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,& *&
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
-I-. ก*ก. k)$
	$I%+#)ก
ก)Ikก    
  
กCI (2551) 1)!กC($-k)$ก%$

-#	
0I ( 	k)$+I" *&1	%+#)กpก/$ก "*&%
#)	
ก&*
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I%pกก
 .%1)-. กpก1
(ก-. ก%$

-I    
k)$-.ก
 ($	&#	pก1
 "$&กก&*
	 ($*ก
pก1
*&kก	 )	I -&($-กก&*
	kก	 )	
k)$  2.21 "'(k--Ik)$  60 	
 ( 	")	  
0	-k)$kก$, )	
.-0$'
I1
 "0	-k)$ . 
  
1kกก
ก "ก*ก0$ก!กC)ก//$ 
 
 
 
 2.21 '(kก%$
--Ik)$$&  60 	
 
 
	" 30 IOI ( 
กCI, 2551) 
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2.6  ..	$"#5(0 
 ,,+)+ก!กC/) "+ 2.6 / Kamon (1979) 
+)%ก!กC)-' ก*
-/) "$&--/(
	 /#$
กก "$&-)*%ก
 +ก!กC"ก 
 
 2.8 ,,+)%#
 !กC/) (Kamon, 1979) 
Electro microscope  
Scanning  
type 
Transmission  
type 
X-ray 
diffraction 
Polarization 
microscope 
Porosimeter . g 
#$
กกก *กก
ก/+)  
Electronic line 
+)ก#
ก#
-
 
X-ray 
+)ก

,*กก"0

 
+)ก"
- 
$,  
ก%1llm  
ก%	) 
 
-
"#$Oก 
(*
-
' 
k%1) -'
$Oกก	 5 
1 
1k 
%1) 
(*-
&ก-
' ,.) 
1k 
%1) 
1k%1) 
ก
ก
' 
k%1) -'
$Oกก	 5 
1 
1k 
%1) 
(*-
&ก-
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1k 
%1) 
1k%1) 
(*ก
*
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/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(*
/(
	 
/('+ 
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' 
/('+ 
"$&'ก
' 
1k 
%1) 
/('ก
' 
(*ก
ก&*
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2.6.1 ก4/06 . Scanning Electron Microscope 
 ก$)*$!I$Oก ก*กก)(,(
&'(+ก
#O	
k-ก$)*$!I+#)k"*ก"*$&-'(1)ก-.ก	 /
ก&กI%$Oก	$,
.ก	$,"+)"$,""$&+)$I
"#$Oก1llm"$Iก&*ก "$&
		*	
*&*
 
RR$Oกก*ก
ก$%"$Oก1ก& 0	
	 *ก
.กO*&กI+ก"$
RR1)+#)

RR'(กi *
 1 0$1), '(-	
k#,
	ก%$
-กก	 
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3000  k&
 กก	 100000  (ก$)*$!I"  k%ก%$
-1)
O1ก 3000 ) "$&k"*ก"*$&-'(1) /-.ก
 $
กC&-

	1)
." 3 k 100 / (nanometer) +-&ก$)*$!I"  +)"	
ก%$
"ก-&+)	
k$Oก( 0.2 1 
. +กก$)*$!I
$OกกI	&#I&ก )	ก	 ก$)*$!I$Oก	&#I 
(analytical electron microscope) /+ก	&#I*&ก	&#I(&* (spot 
analysis) #,(,.$Oก ~ +)$Oก#
		
 ก	 $Oก/( 1/"1$ 
(electron probe microanalysis, EPMA) /+)ก	&#I)	ก	

OกI(&
	 
(characteristic x-ray) 
."   Wavelength Dispersive X-ray Spectrophotometry (WDS) "$&
"   Energy Dispersive X-ray Spectrophotometry (EDS) +ก$)*$!I"  ก 
(SEM) 
RR'(1)ก*กก+)
		*	
$Oก' (secondary electron 
detector, SE) *
 
RR$Oก'ก-. #,+)
		*	
$Oกก&*ก$
  
(Backscatter Electron detector) *
 
RR$Oกก&*ก$
 ก-. 

. ก$)
*$!I$Oก"  .*&k&ก กI	&#I)	
OกI1)
."   
EDS "$& WDS (,+)+ก	&#I/!
#$
กก"ก
$%
 ($
 
 2.6.2 ก	$ Thermal Gravimetry Analysis (TGA) 
 ก $.	 "$&	!	 *
ก1(!$ (2542) 1)%#$
กก#
"$1ก1I+I(I /+)	 Thermal Gravimetry Analysis (*ก
R.%#
ก,*กก0+#' /
	1#'&#	 100 k 400 !
$.%+I(I&ก )	 1.% .%+	 .% "$& .%
&#	
.*&&#ก1 ",0I(I#'-. &ก +I(I
*&$
	&ก , 	$/$ก$%$#, ก$	, ,I (Ikก
0#' 400-600 !$ &ก "$1ก1I*&$
	 (Decomposition) 
"$1ก1I"$&.% 
ก (2.4) 
 
Ca(OH)2 CaO + H2O (2.4) 
 
  ก	&#I/	 TGA *&ก	
.%ก-.,*กก$
	
/.%+	.&#ก1#$,""$1ก1I .%#
ก#1,*กก
&#-.%+	 .%#
กR1 (weight loss) k	
1)/*กก
	&#I)	 TGA 
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 2.6.3 	'(!*j ก*! ก1	ก		!"!(	ก 
 ก $.	 "$&	!	 *
ก1(!$ (2542) -"$1ก1I 
(Ca(OH)2) ก-.*&-.ก
 I+)+	0"$& Ca(OH)2 *&
"	/)$$k)$+	0 *กก!กC( 	"$1ก1I
"	/)$$
	/ก
 k)$+	0 ,$$ 10 IOI 
ก ~ 10 -IOIk)$+)"I ก# Ca(OH)2 -I(I0
k)$	
/	 TGA 	0$*กpก1
 "$&	$$*กpก
/$กก	 "$1ก1I	
1) ก*&"ก"&"$  
1ก1Iก*กpก1
ก*ก Ca(OH)2 -pก/$ก *
%1)*กก   I(Iก
 I(I0k)$ k)$*&
%pก/$ก %+#) Ca(OH)2 $$ ก	 "$1ก1I
+)1 k%	1)*กก (2.5) 
 
 P = H x (1- R / 100)-F                                          (2.5) 
 
,  P , IOI Calcium Hydroxide +)+ก%pก/$ก 
 R , IOI-Ikก")	k)$ /.%#
ก 
 H , IOI Calcium Hydroxide *กI(I 
 F , IOI Calcium Hydroxide *ก(I-k)$ 
 
2.7   2(กNกk"#5(0 
 Delage and Lefebver (1984) 1)%ก!กC/)- Champlian clay /+), 
Mercury Intrusion Porosimeter "$& Scanning Electron Microscope %+#) k- 	ก-
ก 
 1)%ก" &
 ก
ก 2 &
 , +
."ก%ก

/+#)ก&*1
	/( *%ก$"
%+#)
)+
	 #$
*ก

.%ก

. /
+#)ก&*O/(
	1*%ก
 	
"ก-ก

. 2 &
 *&%+#)"กก
 0$*กก!กC
1)	 
/)	$-#	kกก%#/	$	'+)ก)   
(Intra-aggregate) "$&	$	&#	ก) (Inter-aggregate) 	$	*&kก%$1)
/ก"'(ก$!I "$&
-/(
.*&1kก%$")+'	&kก
 ก	/(1*%ก
*&kก#k/('+ก) (Intra-aggregate) +- 	ก

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 Chindaprasirt et al. (2005) 1)!กC0$ก& -	$&-k)k#
pก/$(I   7  28 "$& 90 	
 
	"Iก
  80 : 20 "$& 
60 : 40 )	, SEM ( 	k)$ก( "$&	*%	ก "$&k#O0$'
I    
1
ก& 	0	-k)$ (ก*กกkกก
ก,*กกกpก
/$ก "$&( 	pก/$ก*&ก-.#$
*ก กก	 7 	

 
2.22 
 
            
(a)                                                                   (b) 
 
 2.22 'k)$#  (a)   28 	
 (b)   90 	
 
                                        (Chindaprasirt et al., 2005)  
 
 -
 #( $- )$	
$I 
 !	h #
R, "$&	
I ! (2549) 1)
!กC/)*$'-#	I0k)$)	, Mercury Intrusion 
Porosimeter ( 	ก0	
,&	
 /)/((
&,
& "$&%+#)"l "-. 	'+Ik)$&ก )		ก! 
(-+#Rก	 10 1) 	&#	ก)Ik)$ (-&#	 10 k 0.01 
1) "$&	'+ก)Ik)$ (-$Oกก	 0.01 1)  
 
2.8 6
X-.#/5#
		ก 	 
Horpibulsuk et al. (2004) ก$		 ก%$
)",-I *&-.ก
 ก
*

	-O (Fabric) "$&(
&,& ,,&'.'+)'	&
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	)&0$)ก		)ก&0$ ( yσ′ ) *&กก$"$-ก
*

	-O)ก +	. ก%$
)",-*&-.ก
 (
&,
& (Cementation bond) ",	)&0$กก		)ก&0$     

.ก*

	-O (Fabric) "$&(
&,&*&($ก%$
)", 
( 2.23) "$&	
(
I1)
ก 
 
fabricbond qqq +=max  (2.6) 
    
/ maxq    , 	)   (*	 
) 
 bondq   ,  	)  ,*ก(
&,& 
 fabricq   ,  	)  ,*กก*

	-O (Fabric) 
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Uncemented clay
qmax  = 0.63σ'c
Cemented clay
qmax  = 0.95σ'c + 12.7
M
ax
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u
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de
v
ia
to
r 
st
re
ss
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q m
a
x 
(kP
a)
Pre-shear consolidation pressure, σ'c (kPa)  
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	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	)&0$ 
 (Horpibulsuk et al., 2004) 
 
 -
 #( $- "$& )$	
$I 
 (2546) "0$ ก

	.%-
#	ก(0I 
 2.24 *ก#O	 ก

	.%)ก+	
ก*ก (Yield stress) (&($-(
&,& "ก

	(-.
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
*+	#$
*ก '	&#$
*ก. 
ก

	 (Compression index) 
-)ก
 ก(-.-	)+"	 ก*ก. #	I ((
&    
,&) k*&k1)
	/( ~ , ก
 #	1)(
&
,& 
 -
 #( $- "$& )$	
$I 
 (2546) "0$ก ก0.%-
#	1)(
&,&"$&#	I 
 2.25 *&#O1)	 (
&          
,&($ก0.%-#	ก 
	/(ก
       
#	I*&
&ก0%ก	 

. (
&,&ก*ก*&
กก%$
)", "$&$ก
	"$)	 
ก$ก0-.% 
&/I%#
 /) .%  "-,"ก)	 "$& Cut-off wall ) 
 
V
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e
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Vertical  pressure, σ (kPa)v
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σy
Uncemented clay
Cement  admixed  clay
w = 80%n
A = 10%w
28days of curing
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.%-#	ก(0I   ก
 #	ก( 
 1)(
&,& (-
 #( $- "$& )$	
$I 
, 2546) 
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 2.25 	
(
I&#	
/("$&
&ก0-#	 
 1)(
&,& "$& #	I (-
 #( $- "$&  
 )$	
$I 
, 2546) 
 
+กก%k)$"I1)ก!กC( 	ก*&
	 .%(ก-.,*ก-k)$$
กC&-)ก$"$&-$Oกก	
I *-)1"ก	&#	'I "$&
	%+#)กก ก
%pก-k)$,%10+ก*&$
กC&$)ก
  ก%pก-
I)!
"#	+ก%pก

  / Silica "$& Alumina 
#$
ก+k)$*&-)%pก//$กก
 &ก  Ca(OH)2 1)*ก
pก1
&#	Iก
 .% %+#)ก&ก  CSH "$& CAH  

,& ก"I)	k)$+*&	+#)ก%pก

 
ก(ก-./1)!
 Silica "$& Alumina *ก"#	"(	  
ก!กC/)*$'-*&	+#) kก$"$'+	$0$
 
	!	ก-I0k)$/(&ก%$

 /ก!กC/)
*$'#$	 "$&	*&+#)% (, (hกก-.'+I0
k)$"กก
ก1 Scanning electron microscope ก '(kก
$"$'+	$/ก
ก*ก'(k Thermalgravimetry analysis ก
 kก$"$- Silica "$& Alumina ก
 &ก  (Ca)OH2 
10-12 10-11 10-10 10-9 10-8 10-7
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Coeficient of permeability, k (m/sec)
Uncemented Bangkok clay
Cement Admixed Bangkok Clay
wn = 200%, Aw = 5%
wn = 200%, Aw = 8%
wn = 200%, Aw = 15%
wn = 250%, Aw = 10%
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3.1   
 	
	กกก  ก!

"#"$ก%&'(
)*+, -",./.ก%ก 2 /" "ก ,,$,/ !,

('(ก
"12)*+1%+**+1%3 1 "
*%('(* 5 $
ก!

"ก"&6(%(ก%!ก!
 ก%(%(ก%!ก!

" 
$
กก%
&%*%+1%7!."*1%712)*+ (clay water / cement ratio, w
c
/C) %ก
*
1%
1%712)*+ '	

$"(%,("'32""
%21 3.1 ก%
"(	!*
(""
*% 3.1 %"*#
*	ก.$
#*1 
 
 
 
 
%21 3.1 ''
#
*ก%"! 
"*
 (#*"ก%
 ก%&$ %) 
"( 7(
*6* 
*%*
"( 
- 1%7 /6 3   
- 1%712)*+ 3   
- , 2 /" 
- 1%7, 5   
"(*
 
7  14  28  60  90  120 
 
 %$+'ก%"( (%(ก%!ก!

" 
*%	((ก%!ก!

" 
(%1'ก%	
 
 %$+- %(%	3  
-Scanning Electron 
microscope 
-Thermal Gravimetry 
Analysis 
ก%"(ก!

"ก" 
 
 
ก%"(ก%
"*
 ! 
*%*
"( 
- 1%7 /6 3   
- 1%7, 3   
- 1%712)*+&6.$"
  w
c
/C 3   
"(*
 
28 
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*% 3.1 ก%"(	!*
 
ก
  
 7(
*&6Z "*
1%(3& 	ก#*"ก%
 
ก%&$ % ,,$,/ 
ก%"(ก! 

"ก"#"
)*+,,$ (1%7 /6 3 
  × 12)*+ 3   × 1%7, 5 
 × 6  (3 ก*
)) 
	! 810 /"*
 
ก%"(ก! 

"ก"#"
)*+,/ (1%7 /6 3   × 
12)*+ 3   × 1%7, 3   × 6 
 (3 ก*
)) 
	! 486 /"*
 
ก%"(ก%
"*
 !#")*+
,,$ (1%7 /6 3   × 
, 3   × 12)*+&6.$"  
Cwc /  1   × 1  ) 
	! 9 /"*
 
ก%"(ก! 

"ก"#"
)*+,,$  Cwc / ก
 
(1%7 /6 3   × 1%7, 3 
  × 12)*+&6.$"  Cwc /  3   
× 1  ) 
	! 27 /"*
 
*%	((ก%!ก!

" (1%7
 /6 3   × 1%7, 2   × 
1%712)*+ 3   × 6  (3 ก
*
)) 
	! 324 /"*
 
 
*% 3.1 ("*
1%#*
")*+, )*
"(6,
	,2ก!1"(*%" $
	ก
	&	%7*
")*+,(.	 
!1ก- %(%	3 * Scanning electron microscope  Thermal gravimetry 
analysis )	"ก*1 
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3.2  กกก 
 
 3.2.1 ก 
 "*
1["$ ก\1%(3&	ก#*
"ก%
 ก%&$ % ก 3.0 , 4.0 *%  
 3.2.2 !"# $%&'
 (Basic Property) "*
	,2ก!$
 7(
*6* .$1]
*ก%"
*1 
  1)   ,	!& (Specific Gravity) ก%$  ,	!&#"\"
" (#"\กก 475 *%) "(**%Z ASTM D 854 
  2)  ก% %$+#"#\""-"./*ก%% (Sieve Analysis) "(
-"ก%%'*ก%**%Z# ASTM D 422 
  3)  ก% %$+#"\""-"./a-"%*%+ (Hydrometer) "(*
*%Z ASTM D 422-63 
  4)  ก%$#"	!ก
"$ (Liquid Limit, LL) "(**%Z ASTM D 4318 
  5)  ก%$#"	!ก
"&(*ก (Plastic Limit, PL) "(**%Z ASTM      
D 4318 
  6)  ก%"($
*%ก%*
(% (Free swell ratio, FSR) "(*
# Prakash and Sridharan (2004) 
 
3.3  678 9 
 12)*+./.ก%ก	
1[12)*+1%+*1%3 1 *%/ 1%7
12)*+./.ก%'( "1[ 10  20  30 1%+)\*+#!$
ก"$ 
 
3.4 ;&;<;&=  
 .ก%ก	
	./, 2 /"  6 ,,$ ,/ ,,$
./!	ก-%kkl 	
$
"!1 ,/!	ก%
&%+-1%+* 
	!ก
" 	
$
"m/% .ก%ก,
(,2ก%'*ก%%+ 325 !ก% %$+
ก%ก%	#3  (Particle Size Distribution) " %6 %$+#"3 %)%+ 
(Laser Particle Size Analyzer) "
%21 3.2 
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%21 3.2  %6 %$+#"3 %)%+ (Laser Particle Size Analyzer) 
 
3.5  ก 
8 9;& 
 "*
,2ก%'*ก%#" 2 *% &6ก16ก$\""
#".$pก !ก%1%
1%7 /6.".$  1.0  1.5  2.0 # Liquidity 
index (LI) &6	!ก%&##1%7 /6.#7!ก%*"*
(#\")*+ -"
  ก%'(1sก (Wet method) 12)*+./'(ก
 10  20  30 1%+)\*+#
!$
ก"$ ,./(/" 6 ,,$,/ ,,$'(ก

12)*+.1%7 0  10  15  20  25 1%+)*+#!$
ก12)*+,/'(ก

12)*+.1%7 0  10  25 1%+)*+#!$
ก12)*+ -",/	! 2  
 6 15  20 1%+)\*+#!$
ก12)*+ !1./..ก%*%	( ,2ก*#
	! "*
,2ก!'(ก
12)*+,*
*%('(	1[6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12 89 7.38 0 9.65 
12 119 9.82 0 10.02 
12 148 12.26 0 11.41 
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4 119 29.46 0 14.20 
4 119 27.41 10 13.87 
4 119 24.81 25 14.48 
12 119 9.82 0 10.02 
12 119 9.14 10 9.70 
12 119 8.27 25 9.90 
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Time Moisture Cement Fly ash w
c
/(C
i
(1+kF) Labolatory Predicted 100
||
×
−
ul
ulup
q
qq  
 content  wc content  Ci content  F  strength  qul strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
7 89 10 15 7.96 520 466 10.43 
7 89 10 20 7.70 547 486 11.28 
7 89 20 15 3.98 1138 1123 1.36 
7 89 20 20 3.85 1237 1171 5.35 
7 89 30 15 2.65 1882 1879 0.16 
7 89 30 20 2.57 2141 1960 8.48 
7 118 10 15 10.59 332 324 2.55 
7 118 10 20 10.25 332 338 1.61 
7 118 20 15 5.30 695 781 12.38 
7 118 20 20 5.12 712 815 14.35 
7 118 30 15 3.53 1371 1307 4.68 
7 118 30 20 3.42 1467 1363 7.06 
7 147 10 15 13.23 257 244 4.98 
7 147 10 20 12.79 273 255 6.74 
7 147 20 15 6.61 528 589 11.61 
7 147 20 20 6.40 563 615 9.07 
7 147 30 15 4.41 844 986 16.83 
7 147 30 20 4.26 865 1029 18.94 
14 89 10 15 7.96 630 624 0.96 
14 89 10 20 7.70 664 651 1.94 
14 89 20 15 3.98 1414 1505 6.49 
14 89 20 20 3.85 1458 1570 7.71 
14 89 30 15 2.65 2546 2519 1.05 
14 89 30 20 2.57 2577 2627 1.96 
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Time Moisture Cement Fly ash w
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/(C
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(1+kF) Labolatory Predicted 100|| ×−
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 content  wc content  Ci content. F  strength  qul strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
14 118 10 15 10.59 451 434 3.61 
14 118 10 20 10.25 460 453 1.61 
14 118 20 15 5.30 1103 1047 5.07 
14 118 20 20 5.12 1169 1092 6.58 
14 118 30 15 3.53 1652 1753 6.09 
14 118 30 20 3.42 1795 1828 1.84 
14 147 10 15 13.23 305 328 7.34 
14 147 10 20 12.79 322 342 6.21 
14 147 20 15 6.61 690 790 14.45 
14 147 20 20 6.40 730 824 12.81 
14 147 30 15 4.41 1223 1322 8.14 
14 147 30 20 4.26 1224 1379 12.64 
28 89 10 15 7.96 781 reference reference 
28 89 10 20 7.70 820 816 0.46 
28 89 20 15 3.98 1627 1888 16.06 
28 89 20 20 3.85 1755 1969 12.19 
28 89 30 15 2.65 2855 3159 10.67 
28 89 30 20 2.57 3038 3295 8.46 
28 118 10 15 10.59 514 545 5.95 
28 118 10 20 10.25 547 568 3.87 
28 118 20 15 5.30 1314 1313 0.06 
28 118 20 20 5.12 1353 1370 1.27 
28 118 30 15 3.53 2056 2198 6.91 
28 118 30 20 3.42 2150 2293 6.61 
28 147 10 15 13.23 320 411 28.29 
28 147 10 20 12.79 366 429 17.20 
28 147 20 15 6.61 1052 991 5.77 
28 147 20 20 6.40 1118 1033 7.56 
28 147 30 15 4.41 1409 1658 17.71 
28 147 30 20 4.26 1549 1730 11.65 
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Time Moisture Cement Fly ash w
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/(C
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(1+kF) Labolatory Predicted 100|| ×−
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q
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 content  wc content  Ci content  F  strength  qul strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
60 89 10 15 7.96 895 957 6.92 
60 89 10 20 7.70 945 998 5.64 
60 89 20 15 3.98 2162 2308 6.75 
60 89 20 20 3.85 2214 2408 8.76 
60 89 30 15 2.65 3429 3863 12.65 
60 89 30 20 2.57 3795 4029 6.18 
60 118 10 15 10.59 659 666 1.04 
60 118 10 20 10.25 713 695 2.54 
60 118 20 15 5.30 1386 1606 15.84 
60 118 20 20 5.12 1493 1675 12.20 
60 118 30 15 3.53 2381 2688 12.89 
60 118 30 20 3.42 2445 2803 14.64 
60 147 10 15 13.23 428 502 17.45 
60 147 10 20 12.79 486 524 7.92 
60 147 20 15 6.61 1160 1212 4.45 
60 147 20 20 6.40 1166 1264 8.41 
60 147 30 15 4.41 1814 2028 11.76 
60 147 30 20 4.26 1916 2115 10.39 
90 89 10 15 7.96 1078 1050 2.62 
90 89 10 20 7.70 1101 1095 0.50 
90 89 20 15 3.98 2439 2532 3.84 
90 89 20 20 3.85 2565 2641 2.97 
90 89 30 15 2.65 4298 4238 1.41 
90 89 30 20 2.57 4522 4420 2.25 
90 118 10 15 10.59 747 731 2.15 
90 118 10 20 10.25 785 762 2.91 
90 118 20 15 5.30 1771 1762 0.53 
90 118 20 20 5.12 1888 1838 2.70 
90 118 30 15 3.53 2822 2948 4.48 
90 118 30 20 3.42 2994 3075 2.71 
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Time Moisture Cement Fly ash w
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 content  wc content  Ci content  F  strength  qul strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
90 147 10 15 13.23 565 551 2.49 
90 147 10 20 12.79 587 575 2.00 
90 147 20 15 6.61 1248 1329 6.47 
90 147 20 20 6.40 1399 1386 0.93 
90 147 30 15 4.41 2162 2224 2.87 
90 147 30 20 4.26 2227 2320 4.17 
120 89 10 15 7.96 1092 1116 2.16 
120 89 10 20 7.70 1138 1164 2.25 
120 89 20 15 3.98 2689 2691 0.06 
120 89 20 20 3.85 2851 2807 1.54 
120 89 30 15 2.65 4949 4504 9.00 
120 89 30 20 2.57 5336 4697 11.97 
120 118 10 15 10.59 808 776 3.90 
120 118 10 20 10.25 840 810 3.57 
120 118 20 15 5.30 1906 1872 1.78 
120 118 20 20 5.12 1983 1953 1.55 
120 118 30 15 3.53 3287 3133 4.68 
120 118 30 20 3.42 3497 3268 6.54 
120 147 10 15 13.23 614 586 4.55 
120 147 10 20 12.79 748 611 18.29 
120 147 20 15 6.61 1381 1412 2.27 
120 147 20 20 6.40 1469 1473 0.26 
120 147 30 15 4.41 2426 2364 2.57 
120 147 30 20 4.26 2544 2465 3.08 
Mean Absolute Percent Error, MAPE 





×
−
=ΜΑΡΕ ∑
=
100
||1
1 ul
ulup
n
i q
qq
n
 
6.63 
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Time Moisture Cement Fly ash w
c
/(C
i
(1+kF) Labolatory Predicted 100|| ×−
ul
ulup
q
qq  
 content  wc content  Ci content  F  Strength  qul Strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
7 92 23 11 3.78 504 500 0.80 
7 92 18 11 4.73 457 377 17.63 
7 92 20 25 3.88 504 484 3.93 
7 92 16 25 4.85 457 364 20.24 
7 103 41 0 2.50 929 845 8.95 
7 103 37 11 2.56 945 819 13.34 
7 103 12 11 7.69 300 203 32.38 
7 103 33 25 2.63 895 792 11.49 
7 103 11 25 7.89 285 196 31.18 
7 111 32 0 3.50 593 552 7.07 
7 111 25 0 4.44 467 408 12.65 
7 111 20 0 5.50 366 311 15.10 
7 111 23 11 4.55 347 395 13.74 
7 111 18 11 5.69 248 298 20.01 
7 111 20 25 4.67 360 382 6.23 
7 111 16 25 5.84 266 288 8.09 
7 130 38 0 3.45 593 562 5.25 
7 130 20 0 6.50 305 251 17.69 
7 168 67 0 2.50 751 845 12.51 
7 168 22 0 7.50 190 209 10.22 
7 168 30 11 5.13 270 339 25.60 
7 168 20 11 7.69 196 203 3.69 
7 168 54 25 2.63 825 792 3.93 
7 168 27 25 5.26 287 328 14.38 
7 168 18 25 7.90 200 196 1.85 
14 92 25 0 3.69 701 691 1.43 
14 92 20 0 4.61 601 521 13.26 
14 92 23 11 3.78 658 670 1.83 
14 92 18 11 4.73 597 505 15.43 
14 92 20 25 3.88 799 649 18.84 
14 92 16 25 4.85 683 489 28.44 
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Time Moisture Cement Fly ash w
c
/(C
i
(1+kF) Labolatory Predicted 100|| ×−
ul
ulup
q
qq  
 content  wc content  Ci content  F  strength  qul strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
14 103 41 0 2.50 1285 1134 11.78 
14 103 37 11 2.56 1080 1098 1.64 
14 103 19 11 5.13 550 455 17.26 
14 103 12 11 7.69 340 272 20.06 
14 103 33 25 2.63 930 1062 14.20 
14 103 16 25 5.26 593 440 25.76 
14 103 11 25 7.89 295 263 10.68 
14 111 25 0 4.44 553 547 1.20 
14 111 21 0 5.24 400 443 10.83 
14 111 23 11 4.55 502 530 5.56 
14 111 18 11 5.69 345 399 15.62 
14 111 16 25 5.84 470 386 17.95 
14 168 67 0 2.50 1020 1134 11.11 
14 168 22 0 7.50 234 281 19.95 
14 168 60 11 2.56 924 1098 18.75 
14 168 20 11 7.69 283 272 3.85 
14 168 18 25 7.90 298 263 11.70 
28 92 25 0 3.69 867 ref ref 
28 92 23 11 3.78 934 841 11.10 
28 92 20 25 3.88 1010 813 24.13 
28 111 25 0 4.44 734 686 6.94 
28 111 23 11 4.55 684 664 3.04 
28 111 20 25 4.67 786 643 22.37 
60 92 25 0 3.69 1037 1060 2.19 
60 92 20 0 4.61 738 799 8.30 
60 92 23 11 3.78 1166 1028 11.80 
60 92 18 11 4.73 918 774 15.64 
60 92 20 25 3.88 1332 995 25.34 
60 92 16 25 4.85 986 749 24.00 
60 103 41 0 2.50 1555 1738 11.78 
60 103 14 0 7.50 353 431 21.82 
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Time Moisture Cement Fly ash w
c
/(C
i
(1+kF) Labolatory Predicted 100
||
×
−
ul
ulup
q
qq  
 content  wc content  Ci content  F  Strength  qul Strength  qup  
(days) (%) (%) (%cement)  (kPa) (kPa) (%) 
60 103 37 11 2.56 1370 1683 22.89 
60 103 19 11 5.13 880 698 20.68 
60 103 33 25 2.63 1709 1629 4.71 
60 103 16 25 5.26 918 675 26.46 
60 111 25 0 4.44 839 838 0.04 
60 111 20 0 5.50 514 639 24.36 
60 111 23 11 4.55 826 812 1.62 
60 111 18 11 5.69 702 612 12.89 
60 111 20 25 4.67 880 786 10.72 
60 111 16 25 5.84 765 592 22.62 
60 168 67 0 2.50 1364 1738 27.43 
60 168 34 0 5.00 609 721 18.31 
60 168 22 0 7.50 383 431 12.31 
60 168 30 11 5.13 638 698 9.35 
60 168 20 11 7.69 493 417 15.33 
60 168 54 25 2.63 1448 1629 12.51 
60 168 27 25 5.26 818 675 17.47 
Mean Absolute Percent Error, MAPE 





×
−
=ΜΑΡΕ ∑
=
100
||1
1 ul
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qq
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13.63 
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